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Kinetics of Lead in Bone and Blood after End of
Occupational Exposure
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Abstract 1n 14 reured lead workers. followed for over |8 years after end of exposure. repeated analyses of lead levels in
finger bone by an in vive X-ray fluorescence method revealed a decrease of lead concentration. The data were analysed
using an exponential retention model. For the whole group the biological half-ume was 16 (asymptotic 95% confidence
interval, CI 12.23) vears. The median of the estimated bone lead levels at the end of exposure was 85 ug g ~' above the
“background™ (3 ug-g'). A simuitaneous follow-up of blood lead levels displaved a decrease. which could be described
by a tri-exponential retention model with group hall-times of 34 (Cl 29.41) days. 1.2 (C1 0.9,1.8) years. and 13 (CI 10.18)
vears. respectively. The median of the estimated blood lead levels at the end of exposure (or the three components were
0.49. 0.61. and 1.1 ymol-1-' above the “background™ (0.38-0.56 umol -1-'), respectively. The well-documented decrease
of lead exposure in the general population over the years, urged the use of a decreasing “background™ of blood lead
during the ume of the study. The slowest of the three components represented the skeleton (probably mainly cortical
boae). as did mainly probably aiso the intermediate one (trabecular bone). The data show the rather slow turnover of
lead in the skeleton, the usefulnes of in vivo skeletal lead measurements as a long-term exposure index, and the importance

R

of bone as a source of “endogenous™ lead exposure.

For thousands of years lead has been widely used, and the
study of lead is of utmost importance because of its known
toxicity. Excess exposure may result in serious conse-
quences. if the tissue concentrations reach critical levels.

The main part of human lead uptake takes place via the
gastrointestinal and respiratory tracts. In work places where
lead is handled. exposure primarily takes place via inhal-
auon. In addition. lead workers are often further exposed
by consumption of tobacco. snuff. and food and beverages.
contaminated with lead from the work environment.

A large part of the absorbed lead is incorporated in the
skeleton (Gusserow 1861: Barry 1975), which contains more
than 90 percent of the body burden of lead (Barry 1975).

Thus, there is a great need for kinetic studies of this
large lead pool. However, very little data based on direct
measurements in humans are available. The turnover of
lead in the human body has often been assumed to be rather
slow (Task group on metal accumulation 1973). Several
esumations of the turnover rate of lead have been made,
based upon: 1) animal studies. 2) bone remodelling studies
in humans. 3) various lead balance models. and 4) obser-
vation of the decrease in blood lead levels after end of
occupational exposure. The half-times reported for lead in
bone or whole body have varied considerably. from a few
veirs and up 10 more than one hundred vears.

Yet another possibility is to measure lead directly in vivo
m the skeleton. We have carlier reported a mean halfetime
of seven vears for lead in finger bone. based on such meas-
urements (Christoffersson ¢r af. 1986). and the same mean
hall-ume was observed for the slow component of blood

lead (Christoffersson et a/. 1986). These data resulted from
a longitudinal study of retired lead workers; the follow-up
time (from end of occupational exposure) was between |.7

" and 13.4 years.

The possibility to accurately assess the kinetics of lead in
a slow pool. such as the skeleton. is directly dependent upon
follow-up time. The longitudinal study of this group of
retired lead workers has therefore been continued and the
follow-up time is now between 7.2 and 18.5 vears. This
paper reports the results of this study.

Materials and Methods

Subjecis studied.

Group A. Starting during 1979-1982. a group of cight persons was
studied. This group consisted of seven retired smelter workers and
one former storage batiery worker. The first bone lead measure-
ments were made within 2-359 (median 47) days after the end of
occupational exposure to lead. At the enc of exposure the median
age of the group was 64 (range 49-651 sears and the median ex-
posure ume 25 (range 10-38) years. The members of this group
were followed for 7.2-10.8 (median 9.8 v¢urs and the pumber of
bone lcad measurements for cach individual wasin the range 11-17
(median 13).

Group B. From 1971, six former storage-battery plant wockers
were studied. The first bone lcad measurzments were made 6 K- 1
(median 6.9) vears after the end of occupational exposure to lead
At the end of exposurc ther median age was 33 trange M-651 yoars
and the meduin exposure tme 30 (rangs 343y vears. The tow
Tollow-up time was 13.2-18 S cmedian 17 71 vears and the number
of hong lcad measurements for cuch indiv:éual ranged © L3 imediae
I

(A summary of the charactenstues afiediadualsos given m appen-
dix 1)
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Al subicects gave 1 s oo consent and the proiect was ap-
proved by the FEthacad Commuttee of the Lund Univeraty

I sivo derermnanion o tmgcr hone fead, Pone-Ph Inving measure-
ments of bone Jead were carnied out using an Xe-ray tlurescence
(IXRF) method onginails developed by Ahlgren er wf (1976 and
Ahlgren & Muattsson (19793 and Later improsed by Chrstolfersson
et al 119%61)

The content of fead was esmated Irom a measurcment of the
mudpart of the second phalunx of the left forefinger. The finger was
fixed in a polymethyi methacrylate holder and about | cm' of bone
nssue was irradiated by two oppositely directed. collimated Y'Co
sources. which emit two gamma-rays. 122 keV (87%) and 136 keV
(10%). above the K-edge of lead. 88 keV. The total activity was
about 0.6 GBq. The count rate of the produced characteristic lead
Ka X-ravs (Ka, = 75.0 keV and Ka, = 72.8 keV) was measured at
a mean angle of 90 10 the incident gamma-rays by means of a high
purity. planar germanium detector (16 mm diameter x S mm) (fig.
.

The observed count rate was converted to a bone lead concen-
iraton by using finger-like phantoms (Ahlgren & Mattsson 1979).
These phantoms consisted of an inner core of silica paraflin wax
and bone ash. with known amounts of lead added. The ouler pant
of the phantoms consisted of silica paraffin wax, simulating the
surrounding soft tissue. The count rate in the observed Ka peaks
1s, due to the short distances in the used geometry, dependent on
the volume (diameter) of the bone examined. For typical diameters,
6-9 mm. of the bony part and for a bone mineral content of at
least 20% (by wet weight). the bone mineral concentration is of less
influence on the Ka count rate (Ahlgren & Matisson 1979). Thus.
the in vivo measurements were compared with measurements of the
described finger-like phantoms having a bone mineral content of
20% (wet weight) and different diameters of the bone-simulating
part. To estimate the dimensions of the phalanx studied in vivo, two
radiographs of the finger phalanx, in orthogonal directions, were
used.
In the 1978 measurements, a difTerent detector, different collima-
tors. and slightly different calibration procedures were used. The
resuits from these measurements have been recalculated using the
same calibration technique as in 1979-1990.

The measuring time (live) for an in vivo analysis was 1,800-2,000
sec., giving a minimum detectable concentration (MDC) of lead in
the finger bone of approximately 20 pg lead per gram wet bone
(ug-8~"), corresponding to three standard deviations above the
background.

The absorbed dose to the centre of the finger and to the skin was
1 and 3 mGy respectively. The energy imparted was about 0.01 mJ,
which gave a mean whole body dose equivalent of approximately

H

2

sn BcCu *+ $7Co-source

0 . . 5° mva [ Perspex e Ge-detector

O

Fig. 1. The source and detector assembly used for in vive X-ray
Muorescence measurements of finger bone lcad.

0 Sy THIS 6 reUn I L D e T T gt e
Neray enanunatioe:
The reproducibnie of this XRE method has proviens o~
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Chrstofterssen o0 o 98 Raaed cn ranred micasaremonts oo
subgects with maisurcd concentratiensan the range 27-122 Gy
tmean W oand i gy ¢ 03D oo diterences. 210 o the teas

Somervarlie cf of 159 bused on pared measurements on sin sub-
jects with meisured concentrations in the range < 20-104 ug
{mean 49).

The accurucy of the method has carlier been verificd by poee
morten analysis of the second phalanx of the left forelinger Iron:
one subject. who hud previously been measured o vive tChristor
fersson er al. 1984).

To further investigate the degree of accuracy of this i vivo XRF
method. post mortem analysis using XRF and Name atomic absorp-
uon spectrometry {AAS: Schitz er al. 1987a) of one forefinger
phalanx and one toe phalanx were made. These two subjects hud
carlier been analysed in vivo. and the ume between the i1 vivo and
pust mortem analysis was about 6 months in both cases. In addiuon,
post mortem analysis of three second forefinger phalanxes were
made using XRF and AAS (in these cases no i vivo determinations
had been made). The post mortem XRF analysis of the naked
phalanxes were made using the same geometry as for the m o
analysis. The lead conceniration was estimated by using the quotient
of Ka X-rays and incoherently scattered radiation (Ahlgren e: al.
1981). The phalanxes were then cut into three pieces (proximai.
middle and disial) of about equal length and analysed by AAS.

To estimate the type of bone (cortical-trabecular) at the site of

measurement, the calcium (Caj concentrations of the phalanxes
were determined using AAS (Schiiz es a/. 1987a).

Determination of blood lead. blood-Pb. To determine the blood lead
levels, blood-Pb. venous blood was obtained in metal-free heparin-
ised tubes, at least in connection with each bone-Pb measurement.
generally more often. The same analytical procedure was main-
tained during the whole study period. The samples were wet-ashed
and the lead was complexed with dithizone, extracted and deter-
mined by AAS. Duplicaie determinations were always made. The
detection limit was 10 pug-1~* (0.05 pmol-1~". | ug-1~' = 0.0048
umol - 1='). The precision. calculated from duplicate determinations
and expressed as the coefficient of variation (CV). was 2.8% in the
range above 400 ug-1~' (mean 536 ug-1-': n = 50), 2.6% in the
range 200400 pg - 1-' (mean 307 ug-1~": n = 100). and 3.5% in the
range below 200 ug-1-' (mean 15! ug-1~'. n = 81). For the lowest
range. the precision for the last five year study period was identical
to that for the whole period.

The accuracy was checked iwice each year in an inter-Nordic
laboratory calibration program. Our results averaged 97% (range
82-113%) of the mean. There was no lime trend in our relative
results.

Other examinations. For each individual. an occupational and medi-
cal history was recorded. Thirteen subjects had been temporarily
removed from Icad work because of excessive exposure {blood-Pb
levels 23.5 umol -1-' or high urinary 8-aminolevulinic acid levels).
One subject had a clinically silent chronic lymphatic leukaemia and
another had a slight type 2 diabetes.

Venous blood samples were analvsed at least once for haemo-
globin level. as well as for calcium. phosphate and creatinine concen-
trations. and alkaline phosphatase and gamma-glutamyl transferasc
(8-GT)-activiues in serum. S-GT was raised in two subjects. both
of whom were known 10 abuse alcohol. Al other tests were within
the reference limits.

Analvsis of measured bone-Ph and Mood-Ph concentraticns.
Muathemaitcal analvsis. The analysis of the expenmental retention
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dale Made Use 0f s CVVIAS verien o the comiputer program
EXNPFIT (Guardihasw ot (99 Guarduabasso. personal com-
munication), winch provides o simultancous fit of 4 family of ex-
poncntial curves

The mathematical expression of cxponential ehimination cunves
used 1 the retenuon model cun be wnitten as

Cunll) = :C. cxp T
; =1 n

where t1s the time after end of exposure, Cp (1) is the lead concen-
tration 1in bone (or blood) at tme t. n s the number of exponential
terms (n< 4. 2, 1» the ehimingauon rate for exponential term 1, and
C 15 the concentration at time zero corresponding to exponential i.
The parameters (C. and 7,) and their asymptouc standard errors
were estimated by using 4 moditied Gauss-Newton algorithm. which
minimises the unweighted residual sum of squares. Assuming
asymptotic normality of the estimates. 95% confidence intervals
(Ch) were caiculated. The estimated climination rates. A, and the
corresponding Cls were transformed and presented as half-times.

The execution of the program EXPFIT requires that the number
of exponential terms be specified and. for data sets containing more
than one individual. whether the parameters C, and/or A, are forced
1o be shared. This gives a higher weight to individuals for which
there are many measuring points. However, in our case the aumber
of measurements was about the same for all individuals (appendix
I and 2). In general. in our estimations, C’s were unconstrained
and ,'s were either unconstrained (for individual fits), or forced to
be shared within group A, group B. and group A + B. In the follos-
ing. the estimated half-time for a group of individuals is called
shared half-time.

Bone-Pb. When a measured bone-Pb concentration was below the
detection limit of 20 ug-g . a value of 10 ug-g-~' was assigned.
From all measured bone-Pb concentrations >20 ug-g='. a con-
stant “background™ concentration of 3 ug- g "' was subtracted prior
to mathematical analysis. This value corresponds Lo the median
concentration found in the femur of non-occupationally exposed
Swedes (3.2, range 2.44.9 pg - g~'. n = 5. Gerhardsson et al. 1987).

Bluod-Ph. An estimated decreasing “background™ concentration
dependent on calendar vear was subiracted from all measured
blood-Pb concentrations prior (o the retention modelling.

This "background™ was based on studies of blood-Pb levels in
1.773 Swedish children during 1978-88 (Schiitz es a/. 1989) and 166
non-occupationalls exposed Swedish adult men in 1984 (Svensson
et al. 1987). The “background™ in each year was calculated from a
mean of 0.3% umol |°' observed for the men in 1984, assuming a
constant vearly decrease of 0.016 umol-1-' (estimated from the
children’s data). The “background™ thus varied from a maximum
ol 0.56 ymol-1-' in 1971 10 0.25 umol-1-! in 1990,

For subjects with 100 few blood-Pb determinations in the time
peniod immediately after end of occupational cxposure (less than
four during the first two months) to provide a meaningful estimate
of the fast component, this component was assumed to have a hall-
ume of 30 days. which is the median value of a larger material
(Schitz er of. 1987b). This was not nccessary in the shared group
analyses.

The different esiimations were compared by computing F-ratios
to test the dilference 1n sums of squares adjusted for the number of
prametcers.

Results

Boue-Ph

For all samples, there was a good corrclation between the
post mortem XRE and AAS analyses. especially considering
that the measurement volumes were not necessarily the same

Tanic
Irvivo and prose morteor andonsis of Toretineer phataeaes CYRT Y
ray tluorescence. AAS omie absorption spectromictesy AL con

centrations by muass wet weight Theindicated unceriamties § 3 1D
are Jue 1o counlng skabisacs onis

Bone-Ph(pg ¢ Bone-Ca
fmg 2
In vivo  Post moriem
ID  Section XRF XRF AAS AAS
Proximal - =3 47 122
A-3 Middle 27+14 =2 36 168
Distal - 48 =4 o 156
Proximai - - [R50 114
B-t Middle 86+16 119+2° - -
Distal - 1242 138¢ 125
Proximal - T 90 129
C  Middle - 48 435 165
Distal - 64 m 149
Proximal - 67 82 144
D Middle - 62 61 211
Distal - 75 89 162
Proximal - 65 69 137
E  Middle - 57 55 186
Distal - 85 87 153

* A toe phalanx (the in vivo measurement was made on the fore-
finger phalanx)

(table 1). The measured in vivo lead concentration in the
finger ohalanx (subject A-3) corresponded well to posi
mortem analyses (fig. 2). The toe phalanx (subject B-i).
analysed posi mortem. showed a relatively high bone lead
concentration as did the finger phalanx analysed in vivo. In
the middle section of the forefinger phalanxes. the mean Cu
concentration was 183 (range 165-211) mg-2~". The end
sections showed lower Ca concentrations: proximal end:

Years after end of exposure

FFig. 2. Finger bone lead measurements and individually finted
mono-cxponential curves after end of occupabional exposure tor
subjects A-7 { &, estimated half-ume 15 years) uand A-3 0 & -
mated halt-ume 6.2 years. Also indicated are the results of the
post moriem analyscs: X-ray fluorescence (30, wtomie absorpuon
spectrometey (% ). The dotted bine indicates the asumed “buck-
ground” concentration (3 pg g )
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Fig. 3. Finger bone lead measurements after end of occupational
sapusure for groups A (open symbols. different subjects) and B
tclosed symbols). The dashed line corresponds to 4 mono-exponen-
ual retention model with the estimated shared half-time of 16 years
and median intercept §3 pg-g='. The dotted line indicates the as-
sumed “background™ concentration (3 pg-g=h).

mean 133 (range 122-144) mg- ', distal end: mean 155
(range 149-162) mg-g~".

The finger bone-Pb concentrations decreased after end of
exposure (figs. 2 and 3).

A mono-exponential retention model was used to explain
the measured bone-Pb concentrations (appendix 1). No ac-
ceptable fits were achieved when applying a bi-exponential
model to the individual measured bone-Pb concentrations.

The eight subjects in group A, followed for 7.2-10.8 years
after end of occupational exposure, all showed estimated
bone-Pb concentrations which decreased with time. The
individually estimated half-times for bone-Pb were 6.2-27
vears.

In group B, followed for 13.2-18.5 years after end of
exposure, four of the six subjects had estimated bone-Pb

”-00-0-'-

Blood-Pb pmolfi
p,w

......

01 2 3 ¢4 S &6 7 & 9 W0 n 12

Years atter ond of exposure

Fig. 4. Mcasured blood lead levels after end of occupational ex-
posure for subject A-2. The dashed line indicates the sum of the
fitted curves in a tri-exponential retention model: T, = 22 days.
T.=0.48 years. and T, = 16 years. The dotted line indicates the
levels of the assumed linearly decreasing “background™ concen-
traton (in this case 0.25-0.43 pmol -1-').

concentriations which decreased with ime. The :ndividudils
estimated hall-times were 11470 sears -

For groups A and B. the fitted mono-cxponentiai e
ation curves corresponded to a shared haif-ume of 13 ()
10.19y and 37 1CT 14.~) sears. respectively The halt-tumes
in group A and B did not differ significantly (F,,, = 3 °3,
P = 0.06).

For all 14 subjects. the fitted mono-exponential elimin-
ation curve corresponded to a shared half-ume of 16 (Cl
12.23) yeurs and the median of the estimated bone-Pb level
at end of exposure was 85 ug-g~' above the “background”
(3png-87") (fig. 3.

Application of a bi-exponential shared retention model!
gave an acceptable fit for group A only. The estimated
shared half-times were: T, = 1.2 (CI 0.5.x) and T. =16
(Cl 9.3.59) years.

The values of the estimated elimination rates, A, were not
strongly dependent on the subtracted “background™ bone-
Pb concentration. Using “background™ bone-Pb concen-
trations between 0 and 5 pg-g~'. it was found that the
individually estimated elimination rates increased with
5-10% (except for subject B-3; 80% and subject B-$: 34%),
and with about 5% for the shared group estimates.

Blood-Pb.

After end of occupational exposure, the blood-Pb decreased
in & non-linear pattern (figs. 4 and 5). To explain the meas-
ured blood-Pb ccacentrations, bi- and tri-exponential reten-
tion models were fitted (appendix 2).

Using the bi-exponential model, 13 subjects showed esti-
mated blood-Pb concentrations which in general decreased
with time; for one subject, the estimated half-time was over
100 years. An acceptable fit was achieved for 4 of the 13
subjects when applying individual tri-exponential models.

»

Blood-Pb, umoll
~n _u

0 2 4 6 8 10 12 W 8 B 20

Yeuars after end of exposure

Fig. 5. Measured blood lead levels after end of occupational ex-
posure for groups A {open symbols, different subjects) and B (closed
svmbols). The dashed line indicates the sum of the fitted curves in
a tri-exponential retention model with estimated shared half-times
of 34 days, 1.2 years. and 13 years and median intercepts from the
shared model. The dotted line indicates the levels of the assumed
lincarly decreasing “background™ concentration used for thc mem-
bers of group B (0.25-0.56 ymoi -1=').
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[n considering these 4 subjects in the tri-exponential model.
and the other 10 1 the bi-exponential one. the ¢-"imated
half-time of the slowest component ranged 3.6-1G" years.

On combining groups A and B, the shared tri-exponential
model gave a better description of the data than the shared
bi-exponential one (Fje s = 14.0, P <0.001).

For group A. the shared half-time for the slowest, third
component was 12 (Cl 9.3.16) vears. for group B the corre-
sponding value was 17 (Cl 11.38) vears. For the combined
groups A and B. the estimated shared half-times were 34
(CI 29.41) days. 1.2 (CI 0.85.1.8) years, and 13 (CI- 10,18)
vears and the medians of the estimated blood-Pb concen-
trations at end of exposure were 0.49. 0.61 and 1.1 pmol -1-*
above the “background™ (0.38-0.56 pmol - 1), respectively
(fig. 5). A model allowing the third component to vary
according to group A or B did not give a significantly better
fit (Fi 20 = 0.75, P = 0.4).

The use of a linearly decreasing, instead of a constant,
blood-Pb “background” concentration mainly affects the
slow component. For example, application of a constant
blood-Pb “background” of 0.3 pmol-1-' (Christoffersson
et al. 1986) and computing shared half-times for all subjects,
gives: T, = 34 (CI 29,41) days, T, = 1.2 (CI 0.8,2.1) years,
and T, = 9.8 (CI 8.3,12) years.

Discussion

The data presented in this study clearly demonstrate that
there is an elimination of bone-Pb after end of occupational
exposure to lead. aithough it is rather slow.

The comparison between in vivo and post mortem XRF
and AAS analyses showed a good agreement, strongly sup-
porting the accuracy of the in vivo XRF method.

More than 18 years after end of exposure the detected
bone-Pb levels were still generaily higher than those found in
“non-exposed™ Scandinavians (Grandjean & Holma 1973;
Lindh er al. 1978; Gerhardsson et al. 1987, Schiitz er al.
1987a).

The shared hailf-time for bone-Pb is 16 years, with a
narrow confidence interval, and is thus a fairly accurate
estimate. However, there is a large difference in the estimates
in individual subjects of the half-time for bone-Pb (range
6470 years). Furthermore, four of the workers in group B
showed estimated half-times, which seem to deviate from
the rest; two of the workers had a very slow decrease, and
two even showed an increase of the estimated bone-Pb
concentration. There are several possible explanations.

The first measurements of bone-Pb in group B were made
with a slightly different measuring set-up. This may have
introduced a systematic error, which, however, should hard-
ly exceed 10%. and which is probably not the reason for
the observed difference.

The measurements of bone-Pb on the individuals of group
B started about 7 years after end of occupational exposure.
whereas the members of group A were followed from end
of exposure. The lack of data during the first years after

end of exposure. when the decreuse 1n bone-Pb s relutiveiy
much larger. may influence the accuracy of the eaum.ucd
half-times. Thus 1s indicated by the larger contidence inter-
vals for the estimates for the members of group B

The skeleton contains two tvpes of bone tssue, corticil
and trabecular. The turnover rate of trabecular bone has
been reported to be three to ten umes that of cortical bone
(ICRP 1975). This is reflected in the turnover rate of lead.
which has been reported to be faster in trabecular than in
cortical bone (Rabinowitz er al. 1976: Schitz er al. 1987a).
Thus, there is at least two different bone-lead pools in the
skeleton.

Data on workers temporarily removed from exposure
indicate that there exists no large. verv rapid finger bone-
Pb pool (Christoffersson er al. 1984).

According to Woodard & White (1986). the Ca concen-
tration in pure cortical bone tissue is 22.5% (by wet weight)
versus 7.4% in trabecular bone (assuming 33% cortical
bone and 67% bone marrow, by mass). This elemental
composition of bone tissues together with the mean of the
measured Ca concentrations (table I: 18.3% by mass), indi-
cates that the site of measurement consists mainly of cortical
bone (approximately 80% by mass). However, due to the
design of the experimental set-up. it is realistic to belicve that
parts of the phalanx ends, with lower Ca concentrations. due
to trabecular bone, also contribute to the signal.

The estimates obtained for the sum of two exponential
curves for the bone-Pb in group A {T, = 1.2 (0.5.00), and
T, =16 (9.3,59) years) indicate (in spite of the large Cls) the
possibility of one slow and one fasier lead pool. possibly
representing trabecuiar and cortical bone, respectively. In
group B the presence of two components may be obscured.
due to the limitations set by the precision of the XRF
technique and the lack of bone lead data during the first
seven years after end of exposure.

Some of the present workers became old and the possi-
bility of an effect on lead turnover from decalcification of
the bone must be considered. Osteoporosis will probably
tend to increase the elimination rate and thus decrease the
half-time. Data showing a decrease in bone-Pb at high age
may indicate such an effect (Wittmers ¢z al. 1988). However.
as there was no associztion between age and half-ume in
our material. it is unlikely that osteoporosis has severely
affected our results.

The presented shared half-times of bone-Pb are somewhat
longer than the ones presented earlier (Christoffersson ¢i /.
1986) for the same two groups of individuals. However. in
the latter case. the mean half-uimes were calculated by tuking
the mean of the individual X, ..’S and no bone-Pb “back-
ground™ was subtracted. Taking this into account. the re-
sults are fully compatible.

However, the present analysis has several advantiges:
The use of a program for simultiancous curve litting means
a refined analysis: it is possible to simultaneously analyse a
group of data sets und thus to summanse il the mfor-
mation.

For blood-Pb. the shared hali-ume of about one month
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tor the rapid compenest m the shared model, domimating
close 1o end of occupational exposure, s n excellent agree-
ment with our earhier estimates (Schiiz ¢f af. 1987h)

As 1o the slow conponents in blood. we took mto con-
sideration that the “buckground™ blood-Ph s deercasing 1in
many countres. icluding Sweden (Schitz ¢ of. 1989y 1f
this tactor 1s not vonsdered. the decrease rate will be over-
cstimated. As we had na detaded vearly tnformauion in
adults. we used the levels over ime in children. and adjusted
the concentration to that found in adults. This is of course
not optimal. but should be fuirly accurate.

In the case of bone-Pb. there is no need to take into
account i time trend. as this. if present. would be much
delayed. as compured to blood. Also. the impact of the
“background™ is lar less important. as indicated by calcu-
lations with different realistic “backgrounds™. The bone-Pb
“buackground” levels used here are low. and based upon a
few observations only. However. they are in agreement with
the low levels found in other studies of Scandinavians
(Grandjean & Holma 1973: Lindh er al. 1978: Schiitz ef al.
1987a).

The present data on the retention of lead in blood a
long time after end of occupational exposure support the
direct observations of the lead retention in the skeleton,
as this phase of the blood-Pb shouid mainly represent the
skeleton.

A tri-exponential model for the lead retention in blood
was significantly better than a bi-exponential model. We
have strong evidence that the skeleton represents the slowest
of these components while the fastest one corresponds to
the blood and some soft tissues. As to the “intermediate™
component, there is some other information indicating the
presence of such a component, which may, at least partly,
represent trabecular bone. and the slowest one then cortical
bone. The turnover rate of the intermediate component
resembles the fast bone-Pb component found in group A.
The half-time of the intermediate component fits with other
observations on turnover of trabecular bone lead (Schiitz
et al. 1987a). Furthermore. these data agree with the predic-
tions of an earlier presented compartment model (Christof-
fersson et al. 1987).

The fact that blood-Pbs, even a long time after end of
occupational exposure, were far above the "background”,
stresses the importance of “endogenous™ lead exposure from
the skeleton in lead workers.

The half-time of lead in the skeleton of more than a
decade indicates that an accumulation will occur over sev-
eral decades after a lasting increase in the exposure level.
Thus, the skeletal lead level would be useful as an index of
long-term exposure. Hence. in vivo measurements would be
of great value in studies of associations between chronic
exposure and effects.

There is a considerable variation in the individual
estimates for the half-times of bone and biood lead. Other
investigations have shown corresponding inter-individual
difference in lead kinetics (Christoffersson ¢t «f. 1986;
Schutz er of. 1987b). This observation is importunt. since

woamphes that some mdividoais, as o fesuit ot g et
degree of exposure to dead. may be at ligher nsk i -
others The factors which govern these ditterenees e -

tar unknown.

Conclusum

[n conclusion the present duta show: 1) A rather slow turn-
over of lead in the skeleton. 2) The usclulness of w vno
skeletal lead measurements as long-term exposure indes. 3
The importuance of bone as a source of “endogenous™ leud
exposure.
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Appendix |.

Results of applying a mono-exponential model to describe the retention of lead in finger bone. Half-time is calculated from the cstimated
climmnation rate; T, = In2/A,. oc indicates 2, <0. C, is the estimated concentration ai end of exposure, above the used “background™ (3

ug g”')
Subject Age* Exposure time Follow-up time * T, 95% Ch
No. (y) ¥) ) N¢ Ci(ng-g™" v
A-l 65 38 7.2 11 62 27 (3.7.x)
A-2 49 10 10.8 12 108 23 (11.1800)
A-3 57 22 88 12 61 6.2 (3.1.x)
A-4 59 26 9.7 13 L9 74(3.0.1%
A-S 62 24 83 12 74 17 (6.9.x)
A-6 65 14 98 16 49 6.6 (4.0.19)
A-7 65 33 10.1 17 102 15(9.3.43)
A-8 65 26 9.9 15 13t 15(8.4.90)
Group A 64¢ 25 9.8¢ 108 89" 13¢10.19r
B-1 54 35 170 I1 n $49.7.%)
B-2 30 3 18.5 13 " 13 (4.3
B-3 56 26 18.4 13 43 470 (9.9.\)
B-4 65 45 13.2 7 49 00 (45.\)
B-5 41 10 169 11 21 0o (8.9.%)
B-6 51 4 18.3 12 124 11 (5.3.500)
Group B 53¢ 30¢ 17.7¢ 67 61f T4
Group A+B 58¢ 26* 10.4¢ 175 85" 16 (12,235

* At end of occupational exposure 10 lead.
* From end of occupational exposure.

* Number of measurements.

! Median.

¢ Shared half-time.
" Median intercept in the shared model.
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Appendiv 2

Results of applying bi- un¢ tni-evponential models to desenibe the retention ol lead 1n blood Half-tmies are caleuiated frore the estimated
Notndicates A4 < C oare the esiimated concentrations ot end of expesure. above the usad “Backeround’

chimmation rates: T = =272,

(0 3X-0 36 pimol 17

First component

Second compenent

Third component

“Subjeet C T s Ot ¢ T. 5% Ch C. T8, (1
No N? tumol 171 dy tumol -1 () mol 1 (v)
A-l 1y 028 6.0 (1.5.%) 15 24 (16.47) . .
A2 16 3t 16 (39.54) 19 79 (6.3.11) . : .
23 22(11.3) 16 047 (0.32.090 135 16 (10.38)
A3 15 <0 0 12 523787 . .
<0 30 14 3.6(2.1.14) 0.002 ~
A-d h) <0 30 16 11 (8.0.16) . .
036 0 <0 2.4(0.33.x) 5.3 411067\
A-S 1s 1.7 30 14 107 (23.x) . .
it 30 12 8.9 (0.70.x) 0.25 ~
A-6 25 0.53 10 0.88 7.1 (4.9.13) . .
0.28 30 0.45 1.4 (0.32.x) 0.54 26 (2.6.2)
A-7 20 0.47 30 13 7.3(54.1) . .
0.53 30 14 1t (.1.x) <0 ~
A-8 18 Lt 30 16 6.7(5.29.7 . .
0.83 30 1.3 4.0(047.x) 0.39 <
Group A 182 0.30 52 {46,607 1.5 10 (9.0,12) . .
0.33 31 (25.408 0.30 0.84 (0.54.1.97 1.4 12 (9.3.167
B-1 19 1.3 30 1.7 3.6 (2.8.5.1) . d
0.69 30 6.6 1.3(0.x) <0 1.3(0.x)
B-2 21 1.2 30 1.9 52(4.7.59) . .
i1 30 18 28(18,59) 0.23 x
B-3 21 1.8 30 1.5 9.7 (8.5.11) . .
1.2 30 1.1 0.70 (0.48.1.3) 0.93 19 (14.31)
B-4 13 1.0 30 1.7 11 (5.0,19) . .
0.91 30 1.7 4.7 (1.6.) 0.13 x
B-§ 15 0.87 30 1.6 6.3(5.3.7.8) . .
0.86 30 <0 5.8 (0.xc) 1.8 6.3 (0.x)
B-6 19 0.60 30 20 6.8 (6.0.7.8) . d
0.16 30 1.3 1.2 (0.58.x) L1 13 (8.0.30
Group B 108 1.7 224 (185.284y 0.88' 15 (10,28) . .
0.91f 37 (24.86) 1.3 1.5(1.03.2y 0.82 17 (11.38)
Group A+B 290 0.78f %4 (47.62r 1.5 8.2(7.690) . b
0.49 34 (29.41y 0.61' 1.2 (0.85.1.8y LI 13 (10.18¢

* Number of measurements.
® 30 days fixed. see text.
¢ Shared half-time.

" Median intercept in the shared model.

* Not applicabie.
- Model did not converge.




